Insect-derived volatiles seem to provide reliable chemical cues that plants could employ to defend themselves. Here we investigated the effect of pheromone emission from a closely associated (Anthonomus grandis; boll weevil) and an unassociated (Tibraca limbativentris) herbivore on cotton volatile emission. Exposure to A. grandis aggregation pheromone induced cotton defence response by enhancing the emission of volatiles attractive to the natural enemy of A. grandis, the parasitic wasp Bracon vulgaris, but only when the pheromonal blend was complete (all four components). Individual components of A. grandis aggregation pheromone were not able to induce cotton plants to increase the release of volatiles. On the other hand, T. limbativentris sex pheromone did not induce any change in the cotton constitutive volatile profile. Our results support the hypothesis that plants are able to detect pheromones of tightly co-evolved herbivores. Moreover, A. grandis pheromone exposure induced similar volatile compounds to herbivore-induced cotton, such as linalool, (E)-ocimene, 3, and (E,8,3,7,. We also showed that the larval ectoparasitoid B. vulgaris relies on boll weevil's aggregation pheromone and pheromone-induced plant volatiles as kairomones to locate suitable hosts.
Introduction
Plants are sedentary organisms under constant threat of attack from herbivores and pathogens. Throughout development of plants, they have to adapt to their surroundings and actively respond to diverse features of the environment in ways that influence their interactions with other organisms. Thus, plants have evolved a broad range of surprisingly sophisticated mechanisms that allow them to deal with biotic and abiotic stressors (Conrath et al., 2015; Mescher and De Moraes, 2015) . Plant recognition of herbivorous insects may involve mechanical (touch, oviposition, feeding, and noise) and chemical cues [herbivore-induced plant volatiles (HIPVs) and pheromones] (Hilker and Meiners, 2010; Hilker et al., 2016) .
In wheat, touch-induced response increases the level of lipoxygenase transcripts, while in tobacco, for example, the crawling of insect larvae stimulates the synthesis of γ-aminobutyric acid (GABA); both mechanisms are involved in plant defence against herbivores (Mauch et al., 1997; Bown et al., 2002) . Egg deposition on plant foliage induces a hypersensitive response triggered by oviposition-associated elicitors (Hilker and Meiners, 2011) and also the release of oviposition-induced plant volatiles (OIPVs) that might attract natural enemies (Hilker et al., 2002; Mumm and Hilker, 2006) . Physical damage and the release of regurgitant into the plant during feeding trigger a cascade of further responses inducing genes involved in the production of both volatile and non-volatile defensive hormones and compounds that act on plant direct and indirect defences (Heil and Ton, 2008) . The vibrations caused by insect feeding might elicit chemical defence in neighbouring plants to subsequent herbivory by increasing the levels of glucosinolate and anthocyanin (Appel and Cocroft, 2014) . Recent studies have shown that before the onset of feeding, plants express prime defences in response to HIPVs and pheromones (Heil and Karban, 2010; Helms et al., 2014 Helms et al., , 2013 Karban et al., 2014) . Plants exposed to these volatiles enhance their anti-herbivore defences, preparing them for an improved response to future stress.
Most studies on odour perception by plants have focused more on their response to HIPVs in neighbouring plants (Conrath et al., 2015) . Little is known about plant perception of volatiles emitted directly by herbivores (pheromones). Furthermore, in some insect species, there may be a strong relationship between feeding and pheromone release, through the acquisition of pheromone precursors via consumption of plant tissue. Frequently, these pheromones are released near plants on which further feeding or egg laying may occur (Landolt and Phillips, 1997) . Insect-derived volatiles seem to provide reliable chemical cues, which plants could employ to defend themselves. The boll weevil, Anthonomus grandis Boh. (Coleoptera: Curculionidae), has an evolutionary history with Gossypium plants since the domestication of cotton, Gossypium hirsutum L. (Malvales: Malvaceae), in Central America, as a result of an initial host exchange, migrating from wild to cultivated species (Jones, 2001) . The relationship between cotton and the boll weevil has been extensively studied since the 1970s, showing that chemical signals modulate many of their interactions (Hardee and Mitchell, 1997; Azambuja and Degrande, 2014) . Hence, the goal of the current study was to investigate how cotton responds to pheromone emission from its closely associated herbivore, A. grandis, and from an unassociated herbivore, the rice stalk stink bug Tibraca limbativentris Stal (Hemiptera: Pentatomidae), under laboratory conditions. We also evaluated the effect of pheromone-induced plant volatiles (PIPVs) on the host-searching behaviour of the parasitic wasp Bracon vulgaris Ashmead (Hymenoptera: Braconidae) and also of the boll weevil. Bracon vulgaris is a native larval ectoparasitoid of A. grandis and the pink bollworm Pectinophora gossypiella (Saunders) (Lepidoptera: Gelechiidae), both important cotton pests. This parasitic wasp co-exists with A. grandis and P. gossypiella in cotton plantations in Brazil, but it prefers to parasitize boll weevil larvae, achieving >50% of the parasitism rate (Toscano and Carvalho, 2000; Carvalho and Fernandes, 2002) . In summary, this study addresses the issue of whether cotton could perceive the presence of herbivores without any physical contact, using only volatile cues, such as pheromones, and also whether this communication could influence the third trophic level.
Materials and methods

Insect rearing
Anthonomus grandis were reared in plastic containers on an artificial diet [a mixture of agar, beer yeast, wheat germ, soy protein, glucose, ascorbic and sorbic acid, Nipagin flour from embryo cottonseed (Pharmamedia®, Traders Protein, USA), Wesson salt mixture, Vanderzant's vitamin, and water (Schmidt et al., 2001) ] under controlled conditions (25±1 °C, 60±10% relative humidity, and 14:10 h light:dark). Newly moulted adults were sexed using the tergal-notch method (Sappington and Spurgeon, 2000) , transferred to 250 ml plastic containers (15 insects per container), and fed with artificial diet. Food and water were changed three times per week. To prevent interactions between sexes, males were kept in containers separated from females after the imaginal moult. The parasitic wasp B. vulgaris was obtained from a laboratory colony raised on third instar A. grandis larvae (modified from Wanderley and Ramalho, 1996) . The wasps were maintained under controlled conditions (25±1 °C, 60±10% relative humidity, and 14:10 h light:dark) in plastic containers (5.0 litres) with a voile fabric lid for ventilation. Cotton plugs soaked in water and droplets of honey were offered to the wasps as moisture and food, respectively, and were renewed three times per week. Following emergence, males and females were kept together for copulation. Five-day-old mated females were used in the experiments because a greater parasitism rate was previously reported for females at this age (Alves et al., 2015) .
Plants
Cotton (var. Delta Opal) was grown individually in 1.5 litre pots filled with soil (3:1:1:0.03:0.03 red-yellow Latosol, sand, organic manure, fertilizer, and limestone). Plants were grown in a greenhouse under controlled conditions (27±1 °C and 14:10 h light:dark, light intensity of 95 600 Lux). Cotton used in the experiments were 6 weeks old at the vegetative stage (up to six expanded true leaves and ~30 cm high) and 12 weeks old at the reproductive stage (presence of squares).
Dynamic headspace collection
Volatile organic compounds (VOCs) were collected from unexposed (UE) and pheromone-exposed cotton plants (PE) (Fig. 1) . In the PE treatments, each plant was placed together with a rubber septum loaded either with A. grandis aggregation pheromone (AGP) or with T. limbativentris sex pheromone (TLP). First, the natural release rate of male A. grandis aggregation pheromone was estimated to serve as a basis for septa preparation. Reproductive cotton plants were individually infested with one 10-day-old virgin male A. grandis for 24 h (n=6). Plants and insects were placed into glass chambers (internal volume 10 litres) and their volatiles were collected for 24 h. These samples, containing both plant volatiles and A. grandis pheromone, were analysed by GC (see details below). Then, rubber septa were prepared using all the components of A. grandis aggregation pheromone at the same rate and a similar concentration to the natural release by the weevils themselves. For plants exposed to AGP (AGPE), cotton was exposed to the following treatments: (i) 0.5 mg of all four components of the aggregation pheromone [(1R,2S)-(+)-cis-2-isopropenyl-1-methylcyclobutane-ethanol (grandlure I), cis-2- (3, ] at a release rate of ~2000 ng 24 h -1 (approximately the amount of the pheromone emitted by a male boll weevil in a day); (ii) 0.5 mg of pure grandlure I; (iii) 0.5 mg of pure grandlure II; and (iv) a mixture of 0.5 mg of grandlure III and IV. For TLPE, cotton was exposed to (v) 4 mg of 1,10-bisabodien-3-ol. Tibraca limbativentris was chosen because it is not associated with cotton and there is no record in the literature of this species feeding on or damaging G. hirsutum. For each collection, a cotton plant was placed individually in a cylindrical glass chamber (internal volume 10 litres) with a rubber septum containing one of the described treatments. The plastic pots and soil were covered with aluminium foil to reduce collection of volatiles from these sources. Twelve independent chambers were run simultaneously. Charcoal-filtered air was pumped in at 1.0 l min -1 and drawn out at 0.6 l min -1 through an adsorbent tube, Porapak Q (60 mg, 80-100 mesh, Supelco, PA, USA), connected to the system via PTFE tubing. The difference in flow created a slight positive pressure to ensure that unfiltered air did not enter the system. Cotton volatiles were collected for 24 h and the adsorbent tubes were eluted with 0.5 ml of redistilled hexane. VOCs were collected from six plants each at the vegetative stage for UE, AGPE (i-iv) and TLPE (v) treatments. We also collected VOCs from six plants each at the reproductive stage for UE and AGPE (i). Additionally, we also evaluated whether pheromone induction is dependent on a continuous supply of stimulus. Thus, cotton response, through emission of VOCs, was evaluated after the removal of the A. grandis pheromone septum. Vegetative cotton was enclosed in a glass chamber with a septum loaded with all four components of A. grandis aggregation pheromone for 24 h. After this period, cotton was allowed to rest for 1 h, and, then transferred to a clean chamber. VOCs from UE and AGPE (i) were collected for 2 h (n=3). Samples were stored in vials at -20 °C until use in experiments.
GC analysis
VOCs were analysed on an Agilent 7890-A equipped with a flame ionization detector (FID) and a non-polar DB-5MS column (60 m×0.32 mm id, 0.25 µm film thickness, Supelco). The oven temperature was maintained at 50 °C for 2 min, programmed at 5° C min -1 to 180 °C, held for 0.1 min, then 10 °C min -1 to 250 °C, and held for 20 min. The FID was at 270 °C and the injector at 250 °C. As an internal standard, 1 μl of 16-hexadecanolide (in distilled hexane) was added to the samples. A 1 μl aliquot of each sample was injected on a splitless injector, with helium as the carrier gas. Data were collected with GC Open Lab. A Generalized Linear Model (GLM) and Deviance analysis with gamma distribution and inverse as link function were used to compare the total amount of released volatiles from treatments at vegetative and reproductive stages, and the total amount of released pheromone from male weevils and rubber septa. When the analysis showed significant effects of treatments, means were compared using contrast analyses. The statistical analyses were performed using RStudio, Inc. (version 0.99.903). To evaluate the influence of all compounds in separating the treatments, principal component analysis (PCA) was applied to the multivariate data. PCA was performed using a correlation matrix and comparison between groups (UE and AGPE). The PCA was carried out using Paleontological Statistics Software (PAST version 3.10).
GC-MS
Identifications were performed on an Agilent 5975-MSD quadrupole mass spectrometer coupled to a gas chromatograph (Agilent 7890A) equipped with a DB-5MS column (30 m×0.25 mm id, 0.25 µm film, Supelco), a splitless injector, and helium as the carrier gas. Ionization was by electron impact (70 eV, source temperature at 200 °C). The injector was at 250 °C using the same temperature programme as in GC-FID analysis. Data were collected with ChemStation software. Identifications were made by comparison of spectra with mass spectral library databases (NIST, 2008) and use of retention indices (RIs), and were confirmed by co-injection of the air entrainment sample with authentic standards. The RIs were calculated by comparison to the retention times of a series of linear hydrocarbon alkanes (C 8 -C 24 ) analysed with the same separation method (Lucero et al., 2009) .
Chemicals
Hexane for HPLC (≥97% redistilled), α-pinene (98%), camphene 90%, β-pinene (99%), β-myrcene (90%), (Z)-3-hexenyl acetate (98%), ocimene (90%), and methyl salicylate were purchased from Sigma Aldrich (Steinheim, Germany). Linalool (96%), α-humulene (96%), β-caryophyllene (80%), and limonene (97%) were purchased from TCIAmerica (Portland, OR, USA). Geranylacetone (96%) was purchased from TCI (Tokyo, Japan). (1R,2S)-Grandlure I (95%), II (97%), and III-IV (95% sum of isomers) were purchased from Bedoukian Research, Inc. (Danbury, USA). Anthomonus grandis aggregation pheromone (95%) was provided by Dr Owen Jones (Lisk & Jones Consultants, Cardiff, UK). TLP was provided by Dr Ashot Khrimian (USDA-ARS, Beltsville, MD, USA). (E)-4,8-Dimethylnona-1,3,7-triene (DMNT) (95%) and (E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene (TMTT) (97%) were provided by Dr Michael A. Birkett (Rothamsted Research, UK).
Olfactometer bioassays
Behavioural assays were performed using Y-tube olfactometry to determine the responses of 10-day-old virgin adult male and female A. grandis, and 5-day-old mated female B. vulgaris to VOCs collected from unexposed and A. grandis pheromone-exposed cotton (Fig. 1) . We did not perform bioassays with pheromone-exposed T. limbativentris and A. grandis individual component cotton samples because their volatiles profiles were not significantly different from those of unexposed control plants.
The following combinations were used: unexposed cotton volatiles (UE) at the vegetative stage versus hexane; UE at the reproductive stage versus hexane; A. grandis pheromone-exposed cotton volatiles (AGPE) at the vegetative stage versus hexane; AGPE at the reproductive stage versus hexane; AGPE at the vegetative stage versus A. grandis pheromone (AGP); AGPE at the reproductive stage versus AGP; UE at the vegetative stage+AGP versus AGPE at the vegetative stage; and UE at the reproductive stage+AGP versus AGPE at the reproductive stage. In all AGPE treatments, A. grandis pheromone was present in the blend. Additionally, for B. vulgaris only, we evaluated AGP versus hexane and UE versus AGPE at the vegetative stage from the 2 h VOC collection after pheromone exposure. Anthonomus grandis aggregation pheromone was not present in the AGPE samples from the 2 h VOC collection (AGPE w/o P).
A square acrylic block, with a Y-shaped cavity sandwiched between two glass plates, was used as the bioassay arena. The trunk of the apparatus was 12.0 cm and 8.0 cm, with each arm 10.5 cm and 8.0 cm for A. grandis and B. vulgaris, respectively (Moraes et al., 2005) . Filter papers containing 5 µl of air-entrainment samples (equivalent to the volatiles released by one plant in ~1 h) or 5 µl of A. grandis aggregation pheromone (release of one insect equivalent per day) were placed inside glass syringes connected to the arms of an olfactometer via silicone tubing. Charcoal-filtered, humidified air was pumped in at 0.6 l min -1 and drawn out at 0.2 l min -1 . Only weevils were starved for 24 h prior to bioassays. A single insect was introduced at the base of the Y-tube olfactometer, and was observed for 10 min, and the first choice and residence time (the time spent in an arm) were noted. Each insect was used only once, and the filter paper was replaced after three replicates. Both A. grandis and B. vulgaris were assayed until a total of 30 individuals had responded (positive chemotaxis). After six repetitions, the Y-tube olfactometer and the side on which the treatment was presented was swapped to avoid any positional bias. Data analysis of the first choice of insects was performed by logistic regression and Wald's χ 2 test to assess significance in relation to random choices (50% of choices for each arm of the olfactometer) (RStudio, Inc. version 0.99.903). Residence time in treatment and control arms was analysed by paired-t test (RStudio, Inc. version 0.99.903).
Results
Dynamic headspace collection
Male weevils assigned to reproductive cotton plants produced all four components of the pheromone (grandlure I, II, III, and IV) (Table 1; Supplementary Fig. S1 at JXB online). The total amount of pheromone emitted from weevils was not different from that of rubber septa loaded with 0.5 mg of synthetic A. grandis aggregation pheromone (ANODEV χ 2 =0.15, df=1, P=0.69) ( Table 1) . To determine whether exposure to A. grandis aggregation pheromone and T. limbativentris sex pheromone induces the production of VOCs in cotton, volatiles from unexposed (UE) and pheromone-exposed (PE) cotton were collected (Fig. 1) . The total amount of VOCs emitted from plants exposed to T. limbativentris pheromone (TLPE) was not different from that of unexposed control plants (UE) (vegetative: ANODEV χ 2 =0.56, df=1, P=0.45) ( Table 2) . However, the total amount of VOCs produced by cotton exposed to A. grandis aggregation pheromone (AGPE) differed from that of UE plants (ANODEV χ 2 =110.07, df=3, P<0.001) (Fig. 2A) . The most VOCs were released when plants were exposed to A. grandis pheromone, at both phenological stages, compared with unexposed plants (vegetative, ANODEV χ 2 =52.59, df=1, P<0.001; reproductive, ANODEV χ 2 =31.32, df=1, P<0.001) (Fig. 2A) . Chemical analyses of the air-entrainment samples revealed no qualitative differences among these treatments. In addition to the insect pheromone released from the lures, the following major compounds were identified by GC-MS, using RI comparison with authentic standards: α-pinene (RI=938), camphene (RI=954), benzaldehyde (RI=966), β-pinene (RI=981), β-myrcene (RI=990), (Z)-3-hexenyl acetate (RI=1005), limonene (RI=1033), (E)-ocimene (RI=1050), linalool (RI=1104), DMNT (RI=1114), methyl salicylate (RI=1193), (E)-caryophyllene (RI=1424), geranylacetone (RI=1449), α-humulene (RI=1461), δ-guaiene (RI=1504), and TMTT (RI=1575) ( Table 2 ). δ-Guaiene was tentatively identified by comparison of spectra and RIs, as no authentic standard was available. Cotton plants were still induced 3 h after the removal of the septum loaded with A. grandis pheromone (Fig. 2B) , and the total amount of VOCs emitted from AGPE plants was different from that of UE control plants (vegetative: ANODEV χ 2 =52.88, df=1, P<0.001). To determine which compound in A. grandis aggregation pheromone induces cotton VOC emission, we exposed cotton plants to individual components of the pheromonal blend. None of the tested compounds (grandlure I, grandlure II, and grandlure III-IV) was able to induce an increase in the production of VOCs, so that the total amount of VOCs emitted from exposed plants was not different from that of unexposed control plants (vegetative, ANODEV χ 2 =9.41, df=4, P=0.96) (Fig. 2C) . PCA analysis for UE and AGPE cotton volatiles were plotted to visualize which compounds in the blends might be driving differences between treatments. For vegetative plants, the first two PCA components account for 83.3% (Fig. 3A) . For reproductive plants, the first two PCA components account for 84.5% of total variance (Fig. 3B) . The PCA diagram showed a clear separation of UE and AGPE cotton, and the main compounds responsible for this separation were the monoterpenes α-pinene, β-myrcene, (E)-ocimene, and linalool, the homoterpenes DMNT and TMTT, the ester methyl salicylate, and the sesquiterpene (E)-caryophyllene (Fig. 3 ). There were no novel compounds in the blend of AGPE compared with control plants and the presence of A. grandis pheromone induced cotton to produce higher amounts of the same compounds at both phenological stages, except for the sesquiterpene δ-guaiene and the monoterpene α-pinene, which were only induced at the vegetative and reproductive stages, respectively (Table 2) .
Bioassays
In the Y-tube olfactometer (Fig. 1) (Fig. 4) (Fig. 4) . To evaluate whether A. grandis prefers AGPE over unexposed cotton volatiles enriched with its own aggregation pheromone (UE+AGP), these odours were compared. Weevils did not show any preference at both vegetative (male, χ (Fig. 4) . Male and female A. grandis spent more time in the olfactometer arm containing VOCs from UE-V (male, t= -3.29, df=1, P=0.002; female, t= -3.93, df=1, P=0.003), UE-R (male, t= -2.78, df=1, P=0.011; female, t=2.89, df=1, P=0.007), AGPE-V (male, t= -2.01, df=1, P=0.05; female, t= -3.14, df=1, P=0.003), and AGPE-R (male, t=3.01, df=1, P=0.005; female, t=2.94, df=1, P=0.006) when compared with control hexane (Fig. 5) . There was no difference in residence time when volatiles from AGPE-V (male, t= -0.10, df=1, P=0.91; female, t=0.47, df=1, P=0.63) and AGPE-R (male, t=0.44, df=1, P=0.60; female, t= -0.10, df=1, P=0.91) were compared with AGP or when AGPE-V and AGPE-R were compared with UE+AGP at the vegetative (male, t= -0.86, df=1, P=0.39; female, t= -1.24, df=1, P=0.22) and at the reproductive stages (male, t=0.28, df=1, P=0.78; female, t= -0.53, df=1, P=0.59) (Fig. 5) .
Female B. vulgaris did not show any preference when volatiles from UE cotton (vegetative, χ 2 =2.08, df=1, P=0.14; reproductive, χ 2 =1.84, df=1, P=0.17) were compared with hexane control (Fig. 6A) (Fig. 6A) . Females also preferred volatiles from AGPE even after the removal of the pheromone septum (AGPE w/o P) when compared with UE cotton volatiles (χ 2 =5.86, df=1, P=0.02). Similar results were obtained for residence time: females did not show any preference when volatiles from UE, at both vegetative (t=0.14, df=1, P=0.88) and reproductive stages (t=1.60, df=1, P=0.11), were compared with hexane, but they spent more time in the arm containing VOCs from AGPE (vegetative, t=2.46, df=1, P=0.01; reproductive, t=2.61, df=1, P=0.01) compared with the control arm (Fig. 6B) . There was no preference when volatiles from AGPE-V (t=0.14, df=1, P=0.88) and AGPE-R (t= -0.68, df=1, P=0.49) were compared with AGP, but female B. vulgaris spent more time in the olfactometer arm containing AGP compared with hexane control (t=4.84, df=1, P<0.001) (Fig. 6B) . Females spent more time in the olfactometer arm containing AGPE-R compared with UE-R+AGP (t=2.34, df=1, P=0.02), but there was no preference when AGPE-V was compared with UE-V+AGP (t=1.67, df=1, P=0.10) (Fig. 6B) . Finally, females spent more time in the olfactometer arm containing AGPE w/o P when compared with UE cotton volatiles (t= -2.24, df=1, P=0.04) (Fig. 6B ).
) of volatile organic compounds (VOCs) from unexposed (UE) and Anthonomus grandis (AGPE) and Tibraca limbativentris pheromone-exposed (TLPE) cotton at vegetative (V) and reproductive (R) stages
Discussion
The findings presented here demonstrated that exposure to A. grandis aggregation pheromone induces cotton defence response by enhancing the emission of volatiles attractive to the natural enemy of A. grandis, the parasitic wasp B. vulgaris, but only when the pheromonal blend was complete (all four components). Individual components of A. grandis aggregation pheromone were not able to induce cotton plants to increase the release of VOCs. Pheromone-exposed plants increased the emission of the monoterpenes α-pinene, β-myrcene, (E)-ocimene, and linalool, the homoterpenes DMNT and TMTT, the sesquiterpene δ-guaiene, and the ester methyl salicylate, but no qualitative differences were found between unexposed control and pheromone-exposed plants. Higher emission of these compounds might provide a reliable cue for B. vulgaris host searching. On the other hand, A. grandis was also attracted by the volatiles from pheromone-exposed cotton. Previously, we have shown that linalool, DMNT, TMTT, methyl salicylate, geranylacetone, and (E)-(1R,9S)-caryophyllene are involved in host location by A. grandis (Magalhães et al., 2018) . However, in the experiments conducted here, as A. grandis aggregation pheromone was present in the blend, we could not discard the effect of the pheromone on the attraction of adult weevils. Constitutive volatiles from unexposed cotton were not attractive to B. vulgaris females, but A. grandis aggregation pheromone was. Because A. grandis pheromone was present in the blend of pheromone-exposed samples, we compared these odours against unexposed cotton volatiles enriched with A. grandis pheromone to certify whether the attraction of parasitic wasps was due to pheromone or PIPVs. Bioassay results provided us with evidence that B. vulgaris indeed responds to PIPVs, as it preferred pheromone-exposed plant volatile samples over unexposed cotton volatiles enriched with A. grandis pheromone. To double check this, we also evaluated cotton response after the removal of A. grandis pheromone septum and, as a result, cotton plants were still induced 3 h after the removal of A. grandis pheromone. Using these samples in a Y-tube olfactometer, we compared pheromone-exposed cotton VOCs (without the presence of the aggregation pheromone) against VOCs from unexposed cotton, and B. vulgaris responded preferentially to PIPVs. Thus, both PIPVs and A. grandis aggregation pheromone may provide B. vulgaris with reliable information on the presence of its host.
Most of the compounds emitted in higher concentration in response to pheromone exposure have previously been related to A. grandis herbivory (Magalhães et al., 2012 (Magalhães et al., , 2018 Silva et al., 2015) . Indeed, the blend of PIPVs was comprised of some compounds that are synthesized de novo in response to insect herbivory, such as linalool, (E)-ocimene, DMNT, and TMTT (Paré and Tumlinson, 1997). However, there are differences regarding the ratio between the components, such as the Fig. 3 . Principal component analysis (PCA) ordination for components 1 and 2 of volatile organic compounds (VOCs) from unexposed and Anthonomus grandis pheromone-exposed cotton at vegetative (A) and reproductive (B) stages. UE-V: unexposed cotton at the vegetative stage. UE-R: unexposed cotton at the reproductive stage. AGPE-V: A. grandis pheromone-exposed cotton at the vegetative stage. AGPE-R: A. grandis pheromone-exposed cotton at the reproductive stage. Lines represent the vectors (compounds), and their length (relative proportion) represents the contribution of each compound driving the discrimination between treatments. C followed by numbers represent each VOC (for compound identity see Table 2 ). n=6. production of linalool (10× higher) and α-pinene (3× lower) in plants exposed to pheromone compared with plants damaged by herbivory (Magalhães et al., 2012) . Moreover, these compounds have been previously reported to have an important role in the attraction of natural enemies of cotton pests (Turlings et al., 1995; Röse et al., 1998) . These results indicate that cotton perceives A. grandis aggregation pheromone as a reliable olfactory cue about impending herbivory and uses it as an indirect defence mechanism attracting parasitic wasps. Interestingly, the exposure to grandlure I, II, and III-IV, individually, did not induce cotton to produce PIPVs. This indicates that cotton plants might be very specific in the detection of pheromone cues, all four aggregation pheromone components being necessary to elicit the emission of PIPVs.
Bracon vulgaris contributes to natural reduction of the A. grandis population by parasitizing its larvae hidden inside bolls and squares while still attached to the upper part of cotton (Wanderley and Ramalho, 1996; Toscano and Carvalho, 2000; Carvalho and Fernandes, 2002) . Thus, female wasps use their venom to paralyse boll weevil's larvae and stop their development, leading to their death (Alves et al., 2014) . It is well known that parasitoids use various chemical cues emitted from different sources, and host-specific odours become critically important in the last phase of the host location process (Rutledge, 1996) . Bracon vulgaris females overcame the reliability-detectability problem by selectively responding to the boll weevil's aggregation pheromone (infochemical detour) and PIPVs, as shown by our results. Braconidae parasitic wasps feed primarily on the nectaries located at the base of cotton squares (Adams et al., 1969; Pallini et al., 2006) , thus they can find food to obtain energy for their maintenance and locomotion at the same site where mating and oviposition by A. grandis occur. Moreover, the emission of A. grandis aggregation pheromone also occurs in those same sites. Because the boll weevil goes through overlapping generations during the cotton season (Da Silva et al., 2017) , pheromone and PIPVs might be reliable cues for B. vulgaris to find larvae hosts.
The exposure to A. grandis pheromone seems to activate different biosynthetic pathways responsible for the biosynthesis of cotton volatiles, such as the methylerythritol phosphate pathway responsible for the formation of monoterpenes, the mevalonic acid pathway that gives rise to the sesquiterpenes, a two-step enzymatic pathway that includes the formation of tertiary C 15 and C 20 alcohols followed by an oxidative degradation catalysed by a cytochrome P450 monooxygenase leading to the synthesis of the homoterpenes, and the shikimic acid pathway producing methyl salicylate (Tholl et al., 2011; Dudareva et al., 2013) . No volatile products of lipoxygenase were induced in response to A. grandis pheromone in cotton.
Plant perception of an insect pheromone was reported for the first time in the tall goldenrod, Solidago altissima L. (Asteraceae: Asterales). Solidago altissima perceives the putative sex pheromone of the goldenrod gall fly, Eurosta solidaginis (Fitch) (Diptera: Tephritidae), and enhances the defence responses to subsequent herbivory by increasing the induction of the defensive phytohormone jasmonic acid (Helms et al., 2014 (Helms et al., , 2013 . In contrast to cotton that was induced only when exposed to the complete aggregation pheromone blend, only small amounts of the major component of the male pheromone (E,S-conophtorin) are necessary to emit priming responses equivalent to that observed for the overall pheromone blend in S. altissima (Helms et al., 2017) . Prior to herbivory, the volatile profiles of pheromoneexposed and unexposed S. altissima were not different, meaning that the pheromone alone did not provoke any changes in the emission of volatiles; that is, no PIPVs were released (Helms et al., 2014) . In contrast to S. altissima, pheromoneexposed cotton changed its constitutive profile by increasing the production of ester and terpenes. Cotton plants thus anticipate defence deployment by activating indirect defence in response to A. grandis pheromone, which seems to be a reliable cue that predicts impending attack. This system provides the first example of plant indirect defence induced by an insect pheromone without any physical damage. A future study using pheromone naturally emitted by A. grandis could be conducted to evaluate whether or not the aggregation pheromone associated with other interference signals occurring simultaneously, such as herbivore-induced plants volatiles and mechanical signals from the insect walking in the plant (touch), interferes with the plant response. Helms et al. (2013) hypothesized that the ability of plants to detect the pheromones of their herbivores is most likely to happen in tightly co-evolved plant-insect relationships. The results presented here corroborate this hypothesis. Phylogenetic analysis of A. grandis and host plants of related weevil species indicates that the ancestral host is the genus Hampea (Malvales: Malvaceae); however, it shifted to cultivated Gossypium early in the domestication of cotton in Tropical Mesoamerica (Jones, 2001) . Anthonomus grandis is a narrowly oligophagous herbivore that develops successfully on a narrow range of plants in the tribe Gossypiae (Cross et al., 1975) . Thus, A. grandis evolved with and adapted to cotton, indicating that the interactions of these species have a strong co-evolved relationship. Also, B. vulgaris seems to have a strong relationship with A. grandis. A previous study showed that B. vulgaris prefers to oviposit on A. grandis larvae than on other alternative hosts, including other cotton pests, such as Alabama argillacea (Hübner) and Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae) (Carvalho et al., 2002) . Cotton perceived and responded only to the pheromone of its closely associated herbivore, A. grandis, not to T. limbativentris sex pheromone emission (Borges et al., 2006) . Because of the absence of any apparent association between cotton and T. limbativentris (rice herbivore), no change in volatile induction was expected. Therefore, PIPVs represent an adaptive response of cotton to A. grandis pheromone, not just a general response to environmental odours.
The demonstration that plants perceive and respond to environmental odours contributes immensely to the understanding of the sensory perception of organisms lacking a nervous system (Hilker et al., 2016) . In addition to pheromones, as demonstrated by our results, plants can detect HIPVs emitted by neighbouring plants that are already experiencing herbivory as warning cues indicating the presence of potentially harmful agents (Karban et al., 2014) . This phenomenon has already been documented in several plant species, including G. hirsutum. In cotton, the rate of oviposition of herbivorous mites was reduced in non-infested plants exposed to HIPVs released by their infested neighbours (Bruin et al., 1992) . Plants can perceive herbivore attack through different stimuli: odour (HIPVs and pheromones), touch (pressure, scratches, and secretion released from insect tarsi), oviposition (egg secretions), feeding (regurgitation of insects), and noise (leaf-munching larvae) (Hilker and Meiners, 2010; Mescher and De Moraes, 2015) . These stimuli trigger a cascade of events inducing genes involved in the production of both volatile and non-volatile defensive hormones and compounds that act on plant direct and indirect defences (Heil and Ton, 2008) . Thus, the different stimuli from herbivores might interact with each other, acting in concert in plant defence mechanisms (Hilker and Meiners, 2010) .
In conclusion, our results indicate that indirect defence in cotton can be activated by exposure to A. grandis pheromone, but only when the full blend is presented. In contrast, the exposure to T. limbativentris pheromone (unassociated herbivore) did not induce changes in cotton volatile emission. Furthermore, PIPVs from cotton provided cues for B. vulgaris to locate its host, as well as A. grandis pheromone. However, some aspects still need to be addressed: (i) whether cotton would respond in a similar way under field conditions with the interference of overlapping signals, such as mechanical and other chemical signals; and (ii) whether B. vulgaris responds exclusively to volatiles from cotton induced by A. grandis aggregation pheromone, or also to HIPVs. A study on B. vulgaris response to HIPVs emitted by cotton has been finalized in our laboratory and will be published elsewhere.
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